Abstract. The effects of pregnancy and undernutrition on endometrial gene expression were investigated in ewes fed all or half their maintenance requirements and killed on Day 14 of pregnancy or of the oestrous cycle. The endometrial expression of progesterone, oestrogen, oxytocin and interferon receptors (PR, ERα, OXTR and IFNAR, respectively), cyclo-oxygenase (COX)-2, proliferating cell nuclear antigen (PCNA), insulin-like growth factors (IGF)-I and -II, and IGF-1 receptor (IGF-1R) was studied by immunohistochemistry or real-time reverse transcription-polymerase chain reaction. The luminal epithelium of cyclic control ewes was devoid of PR staining and had relatively high levels of ERα, OXTR, COX-2 and IFNAR2. The presence of a conceptus decreased the in vitro uterine secretion of prostaglandin (PG) F 2α and the expression of IFNAR2 in most cell types, and increased the gene expression of IGF-I and IGF-II. Undernutrition tended to increase ERα protein and gene, but decreased in vitro uterine secretion of PGE 2 and the gene expression of IFNAR2 in cyclic ewes. There was no effect of undernutrition on pregnancy rates or the number of conceptuses recovered. Consistent with this, undernutrition of pregnant ewes did not have any effect on uterine gene expression. Moreover, in cases where changes were observed in cyclic ewes, these changes were negated when a conceptus was present.
Introduction
The establishment of pregnancy depends on successful impairment by the conceptus of lysis of the corpus luteum (CL). The lifespan of the CL depends on the release of oxytocin-induced pulses of prostaglandin (PG) F 2α , which acts to cause the functional regression of the CL. The luteolytic mechanism, which takes place at around Day 14 of the ovine oestrous cycle in the endometrial luminal epithelium and superficial glandular epithelium, likely involves an interplay between progesterone, oestrogen and oxytocin acting through their receptors (PR, ERα and OXTR, respectively; McCracken et al. 1999) . At around Day 10 of pregnancy in sheep, the conceptus starts to synthesise an antiluteolytic signal, namely interferon (IFN)-τ, and elongates, thereby ensuring the delivery of IFN-τ along the uterine horn. After binding to endometrial Type I IFN receptors (IFNAR), IFN-τ silences ERα gene transcription subsequent to downregulation of the PR, which prevents the induction of OXTR gene expression and the uterine release of oxytocininduced luteolytic pulses of PGF 2α , thereby maintaining the CL and progesterone production. This mechanism is known as the maternal recognition of pregnancy and occurs around Day 14 of pregnancy in sheep (for a review, see Spencer et al. 2004) . Cyclooxygenase (COX)-2 is an enzyme common to the biosynthetic pathway of both PGF 2α and PGE 2 that converts arachidonic acid to PGH 2 (Goff 2004) . The endometrial production of COX-2 in sheep has been reported to increase, to be reduced or to remain unchanged with pregnancy (Charpigny et al. 1997 (Charpigny et al. , 1999 Chen et al. 2006) .
There are many reports on the role of various hormones, growth factors and their receptors in the development of embryos during the preimplantation period (Kaye 1997) . Insulin-like growth factors (IGF)-I and -II are produced locally in many organs of the body, including the reproductive tract of cyclic and pregnant ewes (Stevenson et al. 1994a ). In the uterus, both IGF-I and -II stimulate cell proliferation and differentiation of the early embryo and of endometrial cells; these growth-promoting effects are considered to be mediated primarily by IGF-1 receptor (IGF-1R) and modulated by IGF binding proteins (IGFBPs), which further increases the complexity of this system (Kaye 1997; Wathes et al. 1998) .
Taking into account the relevance of a precisely timed uterine environment for the establishment of pregnancy and the development of an early conceptus, any event that disrupts endometrial gene expression around maternal recognition of pregnancy (on Day 14 in the sheep) could be responsible for embryo loss. It is well known that feeding sheep at levels below the nutritional Reproduction, Fertility and Development C. Sosa et al. requirements for maintenance decreases pregnancy rates and affects embryo quality and development (Rhind et al. 1989; Abecia et al. 1997 ). Although we have recovered the same number of embryos from underfed ewes and control ewes on Days 8-9 after mating (Abecia et al. 1997 (Abecia et al. , 1999 , reduced pregnancy rates were observed as pregnancy progressed, specifically on Days 14-15 (Abecia et al. 1995 (Abecia et al. , 1999 . In addition, Rhind et al. (1989) reported lower pregnancy rates on Days 21-26 in ewes fed under similar nutritional regimens. Previously, we demonstrated that cyclic ewes subjected to a short period (20 days) of undernutrition have reduced endometrial sensitivity to oestrogens and progesterone (in terms of specific receptor expression) early during the luteal phase (Day 5), whereas no effect was observed later in the luteal phase (Day 10) or at the time of maternal recognition of pregnancy (Day 14; Sosa et al. 2004 Sosa et al. , 2006 . These results may be due to the action of metabolic mediators, such as IGF-I and leptin, which may act in either an endocrine or paracrine/autocrine manner on the uterine tissue (Thissen et al. 1994; Barash et al. 1996; Sosa et al. 2004 Sosa et al. , 2006 . To our knowledge, there are no studies reported in the literature of the effects of undernutrition on OXTR, COX-2 and IFNAR, all of which are involved in the luteolytic cascade, that could explain the embryonic losses observed. Moreover, previous studies have been performed in cyclic ewes and have assessed maternal effects only, but it remains to be determined whether the effects of the conceptus on uterine gene expression are dependent on nutritional status. Thus, in the present study, we have investigated the effects of undernutrition and the presence of the conceptus on the endometrial secretion of PGF 2α and PGE 2 , as well as the abundance and/or expression of the transcripts involved in the maternal recognition of pregnancy (i.e. PR, ERα, OXTR, COX-2 and IFNAR2) and in preparing the uterine environment for pregnancy (i.e. IGF-I, IGF-II and IGF-1R). In addition, because the presence of ERα in glands has been related to endometrial preparation to support pregnancy (Kimmin and MacLaren 2001), we also determined levels of proliferating cell nuclear antigen (PCNA).
Materials and methods

Animals and treatments
Experiments were performed at the experimental farm of the University of Zaragoza (Zaragova, Spain; latitude 41 • 41 N), under supervision of the Ethics Committee of the University of Zaragoza and according to the requirements of the European Union for Scientific Procedure Establishments.
During the breeding season, 46 adult multiparous Rasa Aragonesa ewes (Ovis aries), with a mean (±s.e.m.) bodyweight of 61.2 ± 2.2 kg and a mean body condition score (BCS) of 3.4 ± 0.1 (scale 0-5; Russel et al. 1969) were housed in individual pens and offered a diet (once daily) that provided 1× liveweight maintenance requirements (Agricultural and Food Research Council 1993) . The diet, offered for 1 month prior to the beginning of the experimental procedures to allow for adaptation, was comprised of 0.42 kg pellets and 0.70 kg barley straw per day, providing 7.8 MJ of metabolisable energy per ewe. The pellets consisted of barley (85%) and soybean (15%). Ewes had unrestricted access to water and mineral supplement. The oestrous cycles were synchronised using intravaginal sponges containing 40 mg progestagen (Fluorogestone acetate; Intervet, Salamanca, Spain), inserted 1 month after ewes had been started on the nutritional regimen and withdrawn 12 days later. At the time of sponge insertion, ewes were allocated to one of two nutritional treatment groups: (1) a control group (n = 21); and (2) the low group (n = 25), fed 0.5-fold the daily requirements for maintenance. The control group continued to receive the same diet, whereas the low group was offered half the daily quantity of pellet and straw to provide 3.9 MJ of metabolisable energy per ewe. These dietary regimens were maintained until the end of the experiment. At the time of sponge withdrawal, ewes were injected with 300 IU, i.v., equine chorionic gonadotropin (Intervet, Salamanca, Spain) and the occurrence of oestrus (Day 0) was checked every 8 h. Thirteen control ewes and 18 ewes in the low group were mated to intact rams to establish a cyclic and pregnant group in each nutritional group. Jugular blood was sampled 1 h before feeding every 2 days, starting 1 week before the starting the different nutritional regimens and continuing until the end of the experiment. Samples were centrifuged within 15 min of collection (1000g, 10 min) and plasma was stored at −20 • C until analysis. Bodyweight and BCS were recorded at the time of sponge insertion, at sponge withdrawal and when ewes were killed (Days −13, −1 and 14).
Two ewes from each nutritional group (all of which were to be mated) did not show oestrus and one cyclic control ewe presented health problems and so were excluded from the experiment. Two cyclic control ewes and one cyclic ewe from the low group that did not exhibit a normal luteal phase (as determined by plasma progesterone profiles) or ewes that were mated but did not conceive (no embryos observed when ewes were killed; five in the control group and nine in the low group) were also excluded from further study, so the final treatment groups consisted of five cyclic and six pregnant control ewes, and six cyclic and seven pregnant ewes in the low group. On Day 14 of the oestrous cycle or pregnancy, ewes were anaesthetised with injection of 10 mL sodium thiopental (20 mg kg −1 ; Tiobarbital; Braun Medical, Jaen, Spain) before being killed by injection of 5-10 mL 50 kg −1 T-61 (Intervet). Uterine horns were flushed with 10 mL saline solution (0.9% w/v NaCl) and pregnancy was defined as the presence of an apparently normal conceptus. Three sections of uterine tissue (including the endometrium and myometrium) from the middle one-third of the uterine horn ipsilateral to the CL were dissected from each ewe. One section was fixed in 4% w/v paraformaldehyde in phosphate-buffered saline (PBS) and embedded in paraffin for immunohistochemistry; another section was incubated in vitro to determine endometrial prostaglandin synthesis; and the third section was snap frozen in liquid N 2 and stored at −80 • C until real-time polymerase chain reaction (PCR) assays.
Plasma progesterone concentrations
Plasma progesterone concentrations were determined from Day −1 (where Day 0 = oestrus) to Day 14 (when ewes were killed) using a direct solid-phase commercial radioimmunoassay (Coat-A-Count; DPC, Los Angeles, CA, USA) that had been previously described for sheep (Meikle et al. 1997) . The sensitivity of the assay was 0.06 nmol L −1 . The intra-assay coefficient of variation (CV) for low (10 nmol L −1 ), medium (47.7 nmol L −1 ) and high (95.4 nmol L −1 ) concentrations of progesterone were 6.5%, 5.2% and 5.6%, respectively. The corresponding interassay CVs were 7.8%, 6.7% and 5.3%.
Endometrial PGF 2α and PGE 2 concentrations Explants of intercaruncular uterine tissue (including the endometrium and myometrium) were rinsed with culture medium and cut into 3-5 mm 3 cubes. Approximately 100 mg tissue was placed (in duplicate) into CellStar 24-well culture plates (Greiner Bio-One, Frickenhausen, Germany) containing 500 µL cell culture medium and incubated for 24 h at 39 • C in an atmosphere of 5% CO 2 in air. The cell culture medium consisted of Ham's F-12 medium supplemented with penicillinstreptomycin, l-glutamine, insulin, transferrin and selenium, as described by Thibodeaux et al. (1994) . After culture, the media were collected and stored at −20 • C until analysis.
Culture media from wells were analysed for PGF 2α and PGE 2 concentrations using commercial ELISA kits (Cayman Chemical, Ann Arbor, MI, USA). The limit of detection of the assay was 9 pg mL −1 for PGF 2α and 15 pg mL −1 for PGE 2 . For each variable, samples were run in duplicate in a single assay with a CV of 9.2% for PGF 2α and 7.0% for PGE 2 . The concentrations of PG were then corrected against the amount of tissue (in mg) incubated for each ewe and expressed as ng PG mg −1 tissue.
Protein localisation and abundance
Immunoreactive PR, ERα, OXTR, IFNAR2, COX-2 and PCNA were visualised in transverse 5-µm sections from uterine horns ipsilateral to the CL using an avidin-biotin-peroxidase immunohistochemical technique (Meikle et al. 2000) . The primary antibodies used were mouse monoclonal anti-PR (Zymed, South San Francisco, CA, USA), anti-ERα and anti-PCNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-OXTR (Rohto Pharmaceutical, Osaka, Japan) diluted 1 : 100, 1 : 25, 1 : 100 and 1 : 75 in PBS, respectively, and rabbit polyclonal anti-IFNAR2 (Santa Cruz) and anti-COX-2 (Cayman Chemical) diluted 1 : 100 and 1 : 200 in PBS, respectively. Negative controls for each receptor were obtained by replacing the primary antibody with a homologous non-immune IgG at equivalent concentrations (Santa Cruz). After primary antibody binding, sections were incubated with a biotinylated secondary antibody (horse anti-mouse or goat anti-rabbit IgG; Vector Laboratories, Burlingame, CA, USA) diluted 1 : 200 in normal serum from horse or goat, respectively. A Vectastain ABC anti-rabbit or antimouse kit (Vector Laboratories) was used for the detection of all proteins. The location of the bound enzyme was visualised by 3,3 -diaminobenzidine in H 2 O 2 (DAB kit; Vector Laboratories) and the sections were counterstained with haematoxylin and dehydrated before they were mounted. For each receptor, all samples were analysed in the same immunohistochemical assay.
Image analysis
The amount of immunoreactive proteins in the different cell types was estimated subjectively by two independent observers who were blinded to the treatment group (Sosa et al. 2004) . Ten fields were analysed for each cell type at a magnification of ×1000 in all ewes. The staining of the nuclei was scored as negative (−), faint (+), moderate (++) or intense (+++) and the extent of staining of each cell type was expressed over a scale of 0-10 (Thatcher et al. 2003) , where 0 is the absence of staining and 10 is the maximum staining intensity. The average staining intensity was calculated as 1 × n 1 + 2 × n 2 + 3 × n 3 , where n is the number of cells in each field exhibiting faint (n 1 ), moderate (n 2 ) and intense (n 3 ) staining (Boos et al. 1996) .
Isolation and reverse transcription of RNA Total RNA was extracted from the uterus using TRIzol (Invitrogen, Carlsbad, CA, USA), followed by precipitation with lithium chloride to remove inhibitors of cDNA synthesis and DNase treatment with a DNA-Free kit (Ambion, Austin, TX, USA) to remove contaminating DNA (Naderi et al. 2004) . The concentration of the RNA was determined by measuring absorbance at 260 nm, the purity of all RNA isolates was assessed as the ratio of absorbance at 260/280 nm (A 260/280 ) and the integrity of the RNA was determined by electrophoresis (on a 1% agarose gel). All samples presented A 260/280 ratios between 1.8 and 2.1. For each sample, cDNA was synthesised by reverse transcription (RT) using the SuperScript III First-Strand Synthesis System Kit (Invitrogen) with random primers and 1 µg total RNA added as a template.
Quantitative real-time PCR
Primers to specifically amplify the cDNA of PR, OXTR, COX-2 and IFNAR2 were designed on the basis of ovine nucleotide sequences available from NCBI (http://www.ncbi.nlm.nih.gov/, accessed March 2009). Primer sequences for ERα, IGF-I, IGF-II and IGF-1R were obtained from the literature (Pfaffl et al. 2002; Schams et al. 2003; Wu et al. 2004) . The level of expression of ovine ribosomal protein L19 (RPL19) was used as an endogenous control, using the primer sequences of Chen et al. (2006) . The expression of the RPL19 gene was tested in a pilot study under our conditions and it proved to be a good housekeeping gene because it exhibited minimum variation across individuals and treatments. The primer sequences and expected product lengths are listed in Table 1 . Amplification reactions were performed in a final volume of 20 µL containing 10 µL SYBR Green master mix (Quantimix EASY SYG kit; Biotools BandM Laboratories, Madrid, Spain), 500 nm forward and reverse primers (Operon Biotechnologies, Cologne, Germany) and 3 µL diluted cDNA (1 : 7.5 in RNase/DNase-free water). Samples were analysed in duplicate in a 72-disk RotorGene TM 6000 (Corbett Life Sciences, Sydney, NSW, Australia). Standard amplification conditions were 10 min at 95 • C and 40 cycles of 15 s at 95 • C, 60 s at 60 • C and 20 s at 72 • C. For quantification, standard curves were generated by amplifying serial dilutions of each amplicon according to Fenwick et al. (2008) . To standardise quantitative gene expression measurements for differences in cellular input, RNA quality and RT efficiency among samples, data for gene expression were analysed by the 2 − CT method, which implies normalisation against the endogenous control (RPL19; Livak and Schmittgen 2001; Sosa et al. 2009 ).
Statistical analysis
Data were analysed in a complete randomised design with a 2 × 2 factorial arrangement of nutritional treatment and reproductive status. All variables were subjected to analysis of variance using a mixed model, including in every case the nutritional treatment (low or control), reproductive status (cyclic or pregnant) and their interaction as fixed effects. Pregnancy rates and conceptus recovery rate were compared by Chi-square test. For analysis of repeated measurements (bodyweight, BCS and progesterone), values obtained on days prior to the start of the nutritional treatment were included in the model as covariables and the covariance structure was modelled to consider the correlation between sequential observations in the same animal (Littell et al. 2000) . For these variables, the day of the cycle/pregnancy was included in the statistical model. In addition to the effects of nutrition and reproductive status, the model studying immunohistochemical data also included the fixed effects of cell type (luminal epithelium, glandular epithelium and stroma), location (superficial and deep) and their interactions. Gene expression data were analysed in a randomised block design with the day of RNA extraction as a random effect. Pearson correlation coefficients and linear regression coefficients were used to describe relationships between variables. Data are presented as the least square mean ± pooled s.e.m. Statistical analyses were performed using the SAS program (SAS Institute, Cary, NC, USA). The level of significance was set at P < 0.05.
Results
Bodyweight and body condition
Results regarding bodyweight and body condition have been published recently elsewhere (Sosa et al. 2009 ). Briefly, bodyweight in the low group decreased progressively from Table 1 . Primer sequences and expected amplicon sizes used for real-time reverse transcription-polymerase chain reaction assays PR, progesterone receptor; ERα, oestrogen receptor α; OXTR, oxytocin receptor; COX-2, cyclo-oxygenase-2; IFNAR2, subunit 2 of Type 1 interferon receptor; IGF, insulin-like growth factor; IGF-1R, IGF-1 receptor; RPL19, ribosomal protein L19. *Multiple species primers.
Referenced primer sequences: IGF-I (Wu et al. 2004) ; IGF-II and IGF-1R (Pfaffl et al. 2002) ; and RPL19 (Chen et al. 2006 61.2 ± 0.4 to 56.3 ± 0.4 kg (P < 0.0001) over the duration of the experiment, whereas bodyweight in the control group was maintained (from 61.2 ± 0.4 to 60.5 ± 0.4 kg). In addition, there was a significant decrease in BCS in the low group over the duration of the experiment (from 3.4 ± 0.1 to 2.9 ± 0.1; P < 0.0001), but not in the control group (from 3.4 ± 0.1 to 3.2 ± 0.1).
Ovulation and pregnancy rates
The ovulation rate did not differ between ewes in the control and low groups (2.0 ± 0.6 v. 2.2 ± 0.8 CL, respectively). In addition, there were no significant differences in the pregnancy rate between the control (6/11 ewes pregnant; 55%) and low (7/16 ewes pregnant; 44%) group. The conceptus recovery rate (i.e. the number of conceptuses recovered/the number of CL) did not differ between the control (7/11; 64%) and low (9/16; 56%) groups. The ewes that were not pregnant where they were killed were not considered further.
Plasma progesterone concentrations
Three cyclic ewes (two in the control and one in the low group) that had shown oestrus behaviour but did not have progesterone luteal levels were excluded from the study. There was no effect of nutritional treatment or reproductive condition on plasma progesterone concentrations. However, the day of the oestrous cycle did have a significant effect on plasma progesterone levels (P < 0.0001). Progesterone concentrations increased progressively from Day 3 to reach a maximum on Day 13 of the cycle (Fig. 1) .
Endometrial PGF 2α and PGE 2 concentrations
Endometrial PGF 2α concentrations were affected by reproductive status (P < 0.001), but not by the nutritional treatment or their interaction. Pregnancy significantly decreased in vitro PGF 2α secretion in both the control and low groups (P < 0.05; Fig. 2 ). Endometrial PGE 2 concentrations tended (P = 0.06) to be affected by nutritional treatment, with undernutrition resulting in a decreased concentration of PGE 2 in cyclic ewes (P = 0.05), but no differences observed in pregnant ewes in the different nutritional groups (Fig. 2) .
Proteins localisation and abundance
All proteins studied were evaluated in five endometrial compartments, namely the luminal epithelium (LE), glandular epithelium (arbitrarily divided in two portions, the superficial glandular epithelium (SGE), next to the uterine lumen, and the deep glandular epithelium (DGE), next to the myometrium) and stroma (classified as superficial (SS) and deep (DS) using the same criteria). The PR, ERα and PCNA were localised in the nuclei of cells, whereas IFNAR2, OXTR and COX-2 were located in the cytoplasm (Fig. 3) . When specific antibodies were substituted with a non-immune IgG, the absence of staining confirmed the high specificity of immunostaining (Fig. 3f) . The effects of nutritional treatment, reproductive status and their interaction on each variable are listed in Table 2 . Overall, pregnancy decreased immunostaining for the PR (P < 0.05). In undernourished cyclic ewes, 12% of LE cells were stained for PR with a low intensity of staining, but in the remaining groups the LE was devoid of cells positive for PR. Similarly, in cyclic ewes undernutrition tended (P < 0.1) to increase staining intensity for PR in the DGE (Fig. 4) . The most intense staining for PR was observed in the deep glands, whereas very weak staining was observed in the LE, SGE and DS.
In control ewes, pregnancy tended (P < 0.1) to decrease ERα immunostaining in the DS, whereas in the low group the same trend was observed in the LE. Undernutrition tended (P < 0.1) to increase ERα in the LE in cyclic ewes and in the SS in pregnant ewes (Fig. 4) . Overall, there was less ERα in the DS (P < 0.05) than in the remaining cell types.
In general, pregnancy increased (P < 0.05) OXTR protein, but this was evident only in the DS of the control group (Fig. 4) . In the DS of pregnant ewes, undernutrition decreased OXTR (P < 0.01). The staining intensity of OXTR was greater (P < 0.05) in the stroma than in the epithelia.
Specific staining for COX-2 was observed almost exclusively in the LE and with a very high proportion of stained cells (>97%). In this cell type, no main effects (nutrition, pregnancy or interaction) were observed (data not shown). There were very few COX-2-positive cells in the SGE (<8%), with very faint staining in all groups.
The staining intensity for IFNAR2 was affected by reproductive status, because IFNAR2 expression was significantly decreased by pregnancy (P < 0.01). There was a significant (P < 0.05) interaction between nutritional treatment and reproductive status on IFNAR2 expression: in control ewes, pregnancy decreased (P < 0.05) IFNAR2 staining in all cell types except in the LE, whereas in the low group pregnancy increased IFNAR2 only in the LE (P < 0.05; Fig. 5 ). Undernutrition decreased (P < 0.05) IFNAR2 staining intensity in the DS of cyclic ewes. The LE showed the greatest IFNAR2 expression and the stroma the least.
Overall, the intensity of staining for PCNA was not affected by nutritional treatment, reproductive status or their interaction. Nevertheless, an increase (P < 0.05) in PCNA protein staining was observed in the LE of control pregnant ewes (Fig. 5) . C. Sosa et al. 
Endometrial expression of transcripts
The effects of nutritional treatment, reproductive status and their interaction on each variable are given in Table 2 and the levels of expression of the target genes are shown in Fig. 6 .
There was a trend (P = 0.07) for an interaction between nutritional treatment and reproductive status on PR gene expression, although no significant differences were found between groups when statistical comparisons were performed. 
Undernutrition tended (P = 0.08) to increase the expression of the ERα gene, with this effect being evident in cyclic ewes. The expression of OXTR mRNA was not affected by nutritional treatment or reproductive status. Levels of OXTR mRNA expression were the highest, along with COX-2 mRNA expression. Overall, undernutrition reduced COX-2 gene expression by 49% (P = 0.05). In the low group, pregnancy increased IFNAR2 gene expression (P < 0.05), but no changes were observed in IFNAR2 gene expression in control ewes.
Pregnancy increased (P < 0.05) the expression of IGF-I mRNA in ewes from both nutritional groups and no effect of nutritional treatment was observed. The expression of the IGF-II gene was 10-fold greater than that of IGF-I and IGF-1R gene expression. A significant (P < 0.05) interaction between nutritional treatment and reproductive status was found; pregnancy increased (P < 0.05) IGF-II mRNA in the control group, whereas no effect was observed in the low group. Undernutrition increased (P < 0.05) IGF-II mRNA expression in cyclic ewes, but no differences were observed between pregnant ewes. The level of IGF-1R mRNA expression was not affected by nutritional treatment, reproductive status or their interaction.
Discussion
The present study investigated the effects of pregnancy and undernutrition on uterine gene expression on Day 14 (of pregnancy or of the oestrous cycle) in adult sheep.
Effects of reproductive status on PG secretion and on uterine gene expression
In cyclic ewes, continuous exposure of the uterus to progesterone downregulates PR in the luminal and glandular epithelia at the end of the luteal phase, allowing increases in ERα followed by OXTR, which triggers the release of oxytocin-induced pulses of PGF 2α that cause regression of the CL (for a review, see Spencer et al. 2004) . The results of the present study are consistent with the triggering of luteolysis: the LE of cyclic control ewes was totally devoid of PR and had relatively high levels of ERα, OXTR and COX-2 proteins, along with a high uterine secretion of PGF 2α in vitro. These findings are further supported by findings regarding transcript expression: PR expression was approximately 10-, 20-or 40-fold lower than that of the ERα, OXTR and COX-2 genes, respectively.
The high ERα expression observed in cyclic ewes coincides with other reports in that most cell types express the receptor on or around Day 14 of the oestrous cycle (Cherny et al. 1991; Spencer and Bazer 1995) , and is consistent with the high levels of OXTR expression because oestrogens induce the formation of the OXTR protein (Spencer et al. 2004) . In the present study, OXTR protein and gene expression was detected in all cell types studied. Similarly, in cyclic ewes, high levels of OXTR protein and gene have been observed in the endometrial epithelia during the late luteal phase (Wathes and Hamon 1993; Stevenson et al. 1994b; Spencer et al. 1998) . Although the present study detected some COX-2-positive cells in the superficial glands (8% positive cells with very low staining intensity in cyclic control ewes), COX-2 was localised almost exclusively to the LE, in agreement with other reports (Charpigny et al. 1997) .
When a conceptus is present in the uterus, it must prevent luteolysis to ensure continuous secretion of progesterone. It does so by secreting IFN-τ, which binds to IFNAR on the endometrial luminal and superficial glandular epithelia, thus preventing PGF 2α secretion (Spencer et al. 2004) , as was observed in vitro in the present study. The highest expression of IFNAR2 was observed in the LE and glands, in agreement with the immunohistochemical studies of Rosenfeld et al. (2002) , who demonstrated that these cells are targeted by IFN-τ during pregnancy. Although no differences were found in IFNAR2 gene expression between cyclic and pregnant control ewes, it is interesting that pregnancy affected IFNAR2 protein expression in a cell type-specific manner: a clear pregnancy induced downregulation of IFNAR2 occurred in the glands and stroma regardless of their location (superficial or deep), but not in the LE, which is the cell type most intimately related to the conceptus.
In pregnant ewes, the PR remained low or absent in the LE, which is in agreement with the lack of sensitivity to progesterone in this cell type during early pregnancy in ruminants (Wathes and Hamon 1993; Spencer and Bazer 1995; Kimmin and MacLaren 2001) . Nevertheless, results regarding the effects of pregnancy on ERα expression are contradictory. Although a total loss of ERα staining has been reported from luminal and superficial glands epithelia from Day 13 of early pregnancy in sheep (Wathes and Hamon 1993; Spencer and Bazer 1995) , in the present study ERα was visualised in all cell types studied. The apparent discrepancy may arise from differences in antibody selection and their different epitopes. PCNA is an accessory protein of DNA polymerase and its expression is correlated with cellular proliferation (Waseem and Lane 1990) . The vast and homogeneous expression of PCNA observed throughout the endometrium does not seem to indicate increased activity of specific cell types, as observed in the neonatal ovine uterus (Taylor et al. 2000) , but extensive proliferation to sustain the function of an adult tissue that undergoes regular changes. The increase in PCNA expression observed in the LE of pregnant control ewes could represent a resistance of the uterus against the invasion of a foreign tissue, the trophoblast, as suggested for human endometrium (Demir et al. 2002) . During the establishment of pregnancy, inhibition of the increase in OXTR, and the concomitant reduction in PGF 2α secretion, seems to be the determining event for prolonged CL life (Spencer et al. 2004) . Nevertheless, in the present study, expression of OXTR gene and protein did not differ between cyclic and pregnant ewes. Because the presence of the receptor protein does not necessarily confer responsiveness to the tissue, it is still feasible that the binding capacity of the receptors could have been altered by pregnancy in the present study or that the level of OXTR expression is not a determining factor in the initiation of luteolysis or maternal recognition of pregnancy. Indeed, it has been suggested that luteolytic PGF 2α secretion in cattle is not directly dependent upon ovarian oxytocin (Kotwica et al. 1998) . Conversely, the expected reduction of the endometrial secretion of PGF 2α was observed, so it could be assumed that luteolysis was successfully prevented. Moreover, the uterine secretion of PGE 2 , which has been postulated to be involved in the maternal recognition of pregnancy as a temporary luteotropic signal in ruminants (Arosh et al. 2002) , remained high in pregnant ewes. The expression of COX-2 mRNA in the uterus of pregnant ewes was not altered by pregnancy. Charpigny et al. (1999) found pregnancy had no effect on the secretion of PGF 2α in sheep and the endometrial expression of COX-2 has also been reported to remain unchanged with pregnancy (Charpigny et al. 1997 (Charpigny et al. , 1999 or to decrease after the administration of IFN-τ (Chen et al. 2006) . IFN-τ reduces the expression of PGF synthase, an enzyme downstream of COX-2 in the synthesis of PGF 2α , whereas it has no effect on PGE synthase (Arosh et al. 2004 ); this could be a possible explanation for the decreased concentrations of PGF2 α , without any concomitant changes in PGE 2 and COX-2, in pregnant ewes in the present study.
It has been demonstrated that IGF-I and -II, acting mostly through IGF-1R, promote the growth and differentiation of embryonic and endometrial cells (Kaye 1997; Wathes et al. 1998) . Consistently, pregnancy increased the uterine expression of IGF-I and IGF-II mRNA in control ewes, with IGF-II mRNA expression being quantitatively greater than that of IGF-I mRNA (almost 10-fold higher), which agrees with in situ hybridisation studies in the ovine (Wathes et al. 1998) and with the higher concentrations of IGF-II found in uterine fluids (Ko et al. 1991) . However, Stevenson et al. (1994a) reported no effect of pregnancy on Days 14-15 on IGF-II mRNA expression, as determined by in situ hybridisation.
Effects of the nutritional treatment on PG secretion and on uterine gene expression
Undernutrition affected the uterine expression of certain genes in cyclic but not pregnant ewes. Cyclic undernourished ewes were the only group in which some faintly immunoreactive cells to PR were detected in the LE. The PR is considered a marker of oestrogen action and, consistently, this group showed a trend for greater levels of ERα protein and mRNA in the LE. In addition, undernutrition decreased the secretion of the luteoprotective PGE 2 and expression of IFNAR2 mRNA in cyclic ewes. Taken together, these differences seem to indicate a uterine environment more prone to the advent of luteolysis in undernourished ewes. Because the plasma concentrations and the hepatic synthesis of IGF-I are decreased by undernutrition (Thissen et al. 1994; Sosa et al. 2006 Sosa et al. , 2009 , it was expected that the endometrial expression of and/or sensitivity to would be altered by undernutrition also. Undernutrition did not affect the endometrial expression of IGF-I or IGF-1R but, in cyclic ewes, it doubled IGF-II mRNA expression. Changes in IFNAR2 protein expression were also observed: in control ewes, pregnancy decreased the expression of IFNAR2 in the glands and stroma without affecting levels in the LE, whereas in undernourished ewes differences in IFNAR2 expression depending on reproductive status were observed only in the LE. Overall, the expression of COX-2 mRNA was strongly reduced by undernutrition (by almost 50%), but when the interaction between reproductive status and nutritional treatment was considered, no significant differences were observed between the groups, probably due to the high variation within each group. Nevertheless, the diminished expression in undernourished ewes is consistent with the decreased endometrial secretion of PGE 2 observed in underfed cyclic ewes.
It has been widely reported that plasma progesterone concentrations vary inversely with the level of food intake due to changes in the hepatic metabolic rate (for a review, see Abecia et al. 2006) . Nevertheless, no such effect of nutritional level was observed in the present study. Different BCS could account for the discrepancies between the present and previous studies. However, no differences were observed in progesterone concentrations between pregnant and cyclic ewes and these results are consistent with previous findings, in which pregnant ewes presented similar jugular concentrations of progesterone, but higher concentrations in both the ovarian vein and endometrial tissue than cyclic animals (Abecia et al. 1996) .
Nutritional restriction was effective in terms of reductions in BCS and bodyweight (10% and 15% respectively). The extent of the loss of body reserves was similar to that reported in previous studies (Lozano et al. 1998; Sosa et al. 2006) and was reflected in the endocrine profiles (Sosa et al. 2009 ). Conversely, the initial BCS and bodyweight of the ewes in the present study was higher than in those previous studies, which, in turn, resulted in a relatively high final BCS and bodyweight in the undernourished group. Thus, it is possible that this greater level of body reserve was not low enough to translate into notable deleterious effects on uterine physiology. Nevertheless, as discussed above, it seems to have been sufficient to modify the expression of some of the genes studied in the cyclic ewes, so it is surprising that the endometrial gene expression of pregnant ewes was not affected by undernutrition. Conceptuses present in the uterus of undernourished mothers managed to evoke effects similar to those in well-fed pregnant ewes. Even in those cases in which undernutrition changed gene expression in cyclic ewes (e.g. IFNAR2 and IGF-II or the secretion of PGE 2 ), these differences were somehow negated when a conceptus was present in the uterus. Overall, these observations suggest an adaptive capacity of the embryo-maternal system to adverse changes in metabolic status. However, the potential and extent of this adaptive capacity, as well as the underlying mechanisms, remain to be evaluated.
